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ABSTRACT 
Packaging is designed to protect products from shock and vibration during transport. In recent 
years, paper cushioning materials, such as corrugated board and pulp molded packaging, are being 
increasingly used because they are environmentally friendly and easy to recycle. However, because no 
efficient packaging-design method yet exists for paper cushioning material, packaging engineers must 
rely on previous experience and the so-called trial-and-error method to design packaging. One reason 
for this situation is that, for most cases, the paper cushioning material used for protective packaging has 
a complicated structure and deforms after being subjected to repetitive shock and vibration. To address 
this shortcoming, we propose a damping design method for corrugated-board packaging that includes 
shock-absorbing and vibration damping elements. To verify that the resultant packaging functions as 
intended, we test three types of packaging in the following way: First, we use an existing design method 
to create cushioned packages and examine them via free-fall drop tests. Next, to test the robustness of 
packaging against vibration (i.e., for packaging destined for various modes of transport), we study the 
three packaging types by subjecting them to (i) vibration-only tests and (ii) drop-plus-vibration tests. For 
vibration-only tests, the packaging with highest static stress gives the best result, its “vibration fatigue” 
accounts for approximately 52% of the worst result given by packaging with the lowest static stress. 
In the drop-plus-vibration tests, the best packaging is that with the lowest static stress; its “vibration 
fatigue” is approximately 31% of the worst packaging, which has an intermediate value of static stress. 
This approach allows us to determine the packaging with the best shock-absorbing and vibration 
damping characteristics. 
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INTRODUCTION
Expanded plastic cushioning material and 
paper cushioning material are two main cushion-
ing materials used for protective packaging. For 
expanded plastic, methods to design shock-absorb-
ing and vibration damping packaging are widely 
applied because the cushion curves and methods to 
analyze the frequency response function (FRF) are 
highly developed. For example, Ge et al.1 compared 
the cushion curves of flat foam and corner foam 
(with shear force) and recommended that the con-
ventional cushion curve should be shifted toward 
higher static loading  for corner foam by approx-
imately 23%–35%. Kitazawa et al.2 investigated 
how various combinations of peak acceleration 
and velocity affect the repetitive-shock-induced 
damage to products because of cumulative fatigue. 
Wang et al.3 address vibration damping packag-
ing design in a study about a double-substructure 
multi-coordinate coupled system and measure the 
system-level FRFs to predict the substructure-
level FRFs. The trend of the latter was found to be 
consistent with that of the directly measured sub-
structure-level FRFs. Lamb et al.4 discuss how to 
separate the linear component of a system’s FRF 
by using a reverse multiple-input–single-output 
(RMISO) algorithm. The RMISO-based technique 
estimates the linear component of the FRF, which 
allows traditional modal-parameter-extraction 
techniques to be used to analyze nonlinear cush-
ioning systems. Finally, Zhang et al.5 proposed a 
damping design that combines both shock-absorb-
ing and vibration damping packaging and used a 
multibody dynamics simulation to analyze the 
vibration response of the packaging.
However, for paper cushioning material, no 
studies yet exist for efficient and accurate methods 
to design shock-absorbing and vibration damping 
packaging, so packaging engineers must still rely 
on previous experience and the so-called trial-and-
error method to design packaging. In recent years, 
paper cushioning material, such as corrugated 
board and molded pulp, have seen increasing use 
because they are environmentally friendly and easy 
to recycle. Meanwhile, expanded plastic cushion-
ing material is being increasingly replaced by paper 
cushioning material because of increasing stringent 
environmental regulations and to improve the man-
ufacturer’s image. Thus, a strong demand exists for 
a method to design cushioned packaging that uses 
paper cushioning material. 
To address this need, the present study proposes 
a method to design damping packaging that uses 
corrugated board in shock-absorbing and vibra-
tion damping package. To verify that the packaging 
works as intended, we test three types of packaging 
in three ways: First, we use an existing method to 
design the package6 and test shock-absorbing perfor-
mance by using free-fall drop tests. Next, we focus on 
vibration damping packaging design (i.e., for pack-
aging destined for transport) and apply (i) vibration-
only tests and (ii) drop-plus-vibration tests. Analyz-
ing and comparing the “vibration fatigue” reveals 
the optimum packaging for each use.
DESIGN OF CUSHIONED PACKAGING 
Cushioning characteristics of structural 
corrugated board subjected to shear force
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Material
For these tests, we used single-wall A-flute cor-
rugated board. Both surface liner and reverse liner 
were 210 g/m2 with over 263 N ring crush com-
pressive strength; the medium paper was 120 g/m2 
with over 96 N ring crush compressive strength. 
All materials used in these tests were exposed to 
a temperature of 23 °C and a relative humidity of 
50% for over 24 h. The corrugated board lies in the 
plane defined by the machine direction and trans-
verse direction (see Fig. 1), which are the two direc-
tions most often solicited to support products. The 
transverse direction is often solicited in cushioned 
packaging because it has much higher compressive 
strength than the machine direction and so is able to 
absorb more shock energy.
Shear Force 
When using corrugated-board cushioned pack-
aging, the space between the product and the outer 
box is supported by a structural pad made of corru-
gated board. For actual packaging with corrugated 
board, the cushioning pad is made from a corru-
gated board to keep the pad stable and facilitate 
the fabrication process. Some amount of space is 
left (see lower-left corner in Fig. 2) that generates a 
shear force when shock occurs. 
Test specimen
The test specimens of corrugated-board 
padding are designed as shown in Fig. 3 and Fig. 
4. The upper and lower flaps generate shear if the 
package is dropped, which leads to more realis-
tic data from the tests. The length of corrugated 
board that absorbs the shock energy in the drop 
test is 100 mm × 2 = 200 mm and the upper and 
lower flaps are separated by 40 mm (see Fig. 4).
Test equipment
Fig. 4 shows a schematic diagram of the 
dynamic compression test apparatus used to 
analyze the response of the cushioning material. 
The test apparatus uses an adjustable weight on 
top of which is mounted an acceleration sensor. 
When the weight drops onto the test specimen, 
the acceleration sensor records the acceleration as 
a function of time at a sampling rate of 0.05 ms 
filtered by a 300 Hz low-pass filter. In addition, a 
displacement sensor records the displacement of 
the top edge of the test specimen as a function of 
time during compression (see Fig. 4). The weight 
is dropped from a height of 60 cm above the top 
surface of the packaging.
     
Fig. 1: Coordinate system for corrugated board 
Fig. 2: Example of cushioning pad and direction 
of shear force
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Dynamic Compression Tests
Conduct dynamic compression tests using 
the specimen and equipment in Fig.4, the weight 
is drop on the specimen from 60cm and peak 
acceleration value is obtained by the accelera-
tion sensor mounted at the top of the weight. In 
order to obtain peak acceleration values gener-
ated by different weights, we change the weight 
after every 5 tests (for an average value) and each 
test uses a new specimen. Fig. 5 shows the cush-
ioning-property graph obtained from the data for 
dynamic compression. The horizontal axis gives 
the static load per unit perimeter. When design-
ing cushioned packaging from expanded plastic 
material, the cushion curve is commonly used. 
The horizontal axis of the cushion curve gives the 
static stress (i.e., weight divided by bearing area). 
However, for corrugated board, the bearing area 
is hard to determine owing to the thinness of the 
board and the shear force generated by the flaps. 
Therefore, instead of static stress, we use herein 
the static load per unit perimeter as the key design 
parameter for corrugated board.6 The vertical axis 
gives the peak acceleration of the test specimen 
upon impact by the falling weight. Each point in 
the plot is the average of five tests.
Fig. 5 also shows some photographs of test 
specimens after the tests. Specimen I(1.13 N/cm) 
is too stiff to absorb significant shock energy, 
whereas specimen II(2.11 N/cm), which has a lower 
peak acceleration, is more suitable for cushioning. 
Specimen III has a static load of 3.58 N/cm, which 
is over the dead line, so the test specimen “bottoms 
out” (i.e., the upper flap collides with the lower flap).
The results in Fig. 5 show that the lowest 
peak acceleration occurs for a static load per 
unit perimeter of 2.84 N/cm, so this is the ideal 
value for this parameter and for design of cush-
ioned packaging. In contrast, the peak accelera-
tion increases for a static load per unit perimeter 
greater than 2.84 N/cm because the corrugated 
test specimen cannot absorb the shock; therefore, 
the weight contacts the metal block below the 
packaging (e.g., specimen III). Thus, a static load 
per unit perimeter greater than 2.84 N/cm is not 
suitable for this cushioned packaging. The dead 
line is thus drawn on the graph to mark the region 
of parameter space to be avoided when designing 
packaging.
Free-fall Drop Tests 
To verify that the packaging functions as 
intended, we conducted free-fall drop tests using 
Fig. 3: Structure of test specimen Fig. 4: Test specimen (left) and apparatus for dynamic compression 
test (right)
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the parameters of type (a), type (b) and type (c) 
which are indicated in red font in Fig.5. The free-fall 
test uses a dummy product (Fig. 6) inserted into the 
packaging. The dummy product consisted of a wood 
container holding metal weights surrounding a field 
data recorder (DER1000 made by Shiyei Testing 
Machinery Co., Ltd., Japan); the total mass (wood + 
masses + data recorder) was 8.9 kg. Here we assumed 
that the dummy product could tolerate a peak accel-
eration of 450 m/s2. To avoid bottoming out, we only 
tested the cushioned packaging containing the dummy 
product with less than 2.84 N/cm of static load per unit 
perimeter (i.e., to the left of the dead line in Fig. 5). 
As noted in Fig. 5, we designate dynamic com-
pression test types (a), (b), and (c) as tests with a 
static load per unit perimeter of 1.62, 2.11, and 2.84 
N/cm, respectively. A different cushioning pad is 
used for each of these three drop tests. For example, 
Fig. 7 shows the cushioning pad used for drop test 
(a) [this is packaging design (a)]. Fig. 8 shows the 
design of each cushioning pad. To design the cush-
ioning pads, we matched the value of their own 
key design parameters. Thus, rectangular holes 
were cut in cushioning pads for tests (b) and (c) to 
reduce the load-bearing length [these are packaging 
designs (b) and (c)]. For example, cushioning pad 
Fig. 5: Cushioning-property graph for cushioned packaging
Specimen I Specimen II Specimen III
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(b) contains a 63-mm-long rectangular hole, so its 
static load-bearing length is 103.5 mm + 103.5 mm 
= 207 mm = 20.7 cm (see Fig. 8, center drawing). 
Because two cushioning pads support the dummy 
product, the total load-bearing length is 2 × 20.7 cm 
= 41.4 cm, and the weight of the dummy product 
(87.22 N) divided by 41.4 cm matches the design 
parameter of 2.11 N/cm for the type (b) drop tests. 
After putting the product protected by the 
cushioning pads into a corrugated outer box (Fig. 
9), free-fall drop tests were done with the three 
packaging types (a) - (c). To avoid cushioning by 
the bottom of the outer corrugated box, this board 
was crushed with a hammer to flatten it completely. 
The package was dropped from a height of 60 cm 
and the acceleration data were filtered by a 300 Hz 
low-pass filter, as in the dynamic compression tests. 
The peak accelerations for the free-fall drop tests 
were (a) 328 m/s2, (b) 295 m/s2, and (c) 219 m/s2 for 
packaging types (a) - (c), respectively. In types (a) - 
(c),  type (a) is stiffest and type (c) is softest, which 
can be confirm in Fig.5 and Fig.8, when they are 
dropped from the same height type (c) absorb the 
potential energy with weakest stress and biggest 
stain(Fig.11) so that it shows the lowest peak accel-
eration than the others.  Fig. 10 compares the peak 
accelerations of the free-fall drop tests with those of 
the dynamic compression tests; the results of free-
fall drop tests are all slightly lower (i.e., to the safe 
side) of the corresponding dynamic compression 
tests. Fig. 11 illustrates the situation with cushion-
ing pads (a) - (c) before and after the drop test and 
the corresponding shock waves. Therefore, when 
fabricating cushioning pads from corrugated board, 
this method of testing is safe and accurate and so 
would be of practical use to packaging engineers. 
Fig. 6: Dummy Product
Fig. 7: Type (a) cushioning pad
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Fig. 8: Three types of cushioning pad
Fig. 9: Photograph of apparatus 
for free-fall drop test
Fig. 10: Results of dynamic compression test compared with those of 
free-fall drop test
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VIBRATION DAMPING PACKAGING 
Vibration Tests 
A key characteristic of paper cushioning 
material is its plastic deformation under repetitive 
shock and vibration. In this situation, a gap may 
develop between the inner package and the outer 
box, which changes the natural frequency of the 
packaging during the vibration test. Lamb et al.7 
give an example for a paperboard container sus-
taining a random load, in which case the system’s 
natural frequency gradual deteriorates. 
Based on considerations of the type of package 
(size, shape, weight, etc.) and the suitable transporta-
tion mode, vibration tests are divided into two groups: 
(i) vibration-only and (ii) drop-plus-vibration.
The vibration-only group is for packages that 
are not likely to be dropped, such as large and heavy 
shipping units, or single packages combined with 
pallets or skids. Such packages are mainly subjected 
to mechanical handling so that the main physical 
hazard in the distribution process is vibration (shocks 
caused by handling machines are not discussed here 
because their energy is much less than that of drops). 
Fig. 11: Top two rows show photographs of cushioning pads before and after free-fall drop test. Bottom row 
shows corresponding shock waves
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Conversely, the drop-plus-vibration group 
includes packages such as single containers, 
smaller boxes, and any shipping containers that 
have a high probability to be dropped or thrown 
during manual handling such as loading, unload-
ing, or palletizing. Such packages have higher 
probability of being dropped then subjected to 
vehicle vibration during distribution. 
Packages of type (a) - (c) with new (undamaged) 
cushioning pads were subjected to vibration-only 
tests, and packages of type (a) - (c) were subjected 
drop-plus-vibration tests using cushioning pads 
that had been subjected to the free-fall drop test 
discussed in Section 2. Thus, six tests were done, 
all with a corrugated outer box fixed onto a vibra-
tion table, as shown in Fig. 12. Because the natural 
frequency of the packaging varied gradually during 
these tests, we applied a vibration with a white 
power spectral density, thereby avoiding any exag-
geration of an individual resonance in the analysis. 
The specific test conditions were 3–100 Hz and 0.01 
G2/Hz with 0.99 G root-mean-square acceleration 
and 3.86 mm root-mean-square displacement. Each 
test lasted 300 s.
Vibration Analysis 
Fig. 13 shows the frequency distribution of 
spontaneous acceleration for package types (a) -(c) 
recorded during vibration tests. The kurtosis and 
skewness for the vibration apparatus are 3 and 0, 
which is in accordance with a normal distribution. 
These results are shown together in Fig. 14.
Consider first the difference between the vibra-
tion-only results and the drop-plus-vibration results 
in Fig. 13. The former has greater frequency weight 
in the acceleration columns −0.5 G ~ 0 G and 0 G ~ 
0.5 G; in other words, the frequencies near 0 G are 
increasing in weight, which means that the higher 
frequencies are decreasing in weight, so the overall 
vibration is damped in the drop-plus-vibration tests. 
For the vibration-only tests, the kurtosis is near 
3 of vibration apparatus, for which the cushioning 
pads (a) - (c) are without damage and the system is 
relatively stiff. However, for the drop-plus-vibration 
tests, the cushioning pads suffer from plastic defor-
mation and the gap between the packaging and the 
outer box causes jumping, which is one reason that 
the kurtosis is higher. The skewness for both the 
vibration-only tests and the drop-plus-vibration tests 
are all positive, which is due to the clearance of 5 
mm between the upper cushioning pad and the outer 
box and to the fact that, during the vibration test, 
the outer box was fixed to the vibration table by an 
elastic band, which means that the dummy product 
experiences little shock with positive acceleration.
Fig. 14 shows a typical example to illustrate 
the difference between the vibration-only tests and 
the drop-plus-vibration tests. Type (b) has a much 
higher kurtosis and skewness for the drop-plus-
vibration tests, which is attributed to the plastic 
deformation of the paper cushioning material and 
increase in spontaneous acceleration frequency 
near 0 G and over 5.5 G (see Fig. 13). This means 
that the plastic deformation caused by the drop test 
renders the system more elastic so that it can more 
easily absorb vibration energy and so that the gap 
Fig. 12: Photograph of apparatus for vibration 
test showing outer box
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created during the drop test causes jumping, which 
generates greater acceleration. Conversely, type (a) 
is so stiff that, even after a drop test, no jumping 
occurs. However, type (c) is too elastic, so that an 
18 mm gap appears after the drop test. After being 
subjected to vibration for 300 s, the cushioning pads 
become crushed and no longer support the dummy 
product [see Fig. 15(B)]. This does not happen in the 
vibration-only test [see Fig. 15(A)].
Fig. 13: Frequency distribution of spontaneous acceleration for packaging types (a) - (c) for vibration-only 
tests and drop-plus-vibration tests
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Cumulative Vibration Damage
For any engineering design, the forces 
(stresses) and/or displacement (strains) must be 
determined to ensure that the components, struc-
ture, and equipment can withstand shock and 
vibration. Selecting material based on properties 
such as monotonic stress-strain and stress- strain 
based cyclic fatigue behavior can help reduce 
crack, fracture, or any other unacceptable plastic 
deformation. Vibration damage often occurs upon 
exceeding the allowable fatigue strength. This can 
be determined by the number of stress cycles and 
the vibration amplitude as a function of the cycle 
number required to cause damage at each particu-
lar vibration amplitude (i.e., Miner’s rule).8,9
First, the principle of damage caused by single-
stage loading can be described by 
where α and β are the specific coefficients of 
the product; α is the acceleration coefficient and β is 
the cumulative damage and both are assumed to be 
constant and independent of frequency and accel-
eration. The parameter S represents the stress load 
used for the vibration acceleration in this study and 
N is the number of cycles required to cause damage. 
In the equation
Fig. 14: (A) Kurtosis and (B) skewness for packaging types (a) - (c) for vibration-only and drop-plus-
vibration, respectively
Fig. 15: Packaging type (c) for (A) after vibration-only test and (B) after drop-plus-vibration test
= Dr
n
N
...... (2)
= βN ...... (1)xSa
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n is the number of cycles of stress S. We use 
Dr to represent the degree of damage; when Dr > 1, 
the product is damaged. By combining equations (1) 
and (2), we obtain
Because the acceleration G is directly propor-
tional to S, equation (3) can be transformed into
 In equation (4), if Dr = 1, β is the number of cycles 
required to cause damage when G is the vibration 
with peak acceleration of 1g at a certain frequency: 
However, for packaging vibration, the vibra-
tion acceleration is multistage so that, according to 
Miner’s rule, Dr can be defined as equation (5), in 
which the individual damages are assumed to be 
able to added up and be independent of the order of 
loading. However, this simplistic and well-known 
approach does not comply with reality because the 
order of loading can significantly affect the lifetime 
of a specimen.10 For a random vibration, we simply 
apply this approach to compare the degree of cumu-
lative damage of the specimens. Thus, equation (6) is 
obtained from equation (4) by applying the concept 
of summing individual damages, as per equation (5): 
where i = 1, 2, 3, 4,…, c. Because β is a constant, 
part of                             is directly proportional to Dr, 
which means it can be used to compare the vibra-
tion fatigue for the specimens tested by vibration-
only and by drop-plus-vibration.
To obtain Gi from the vibration tests, we apply 
in this study the zero-crossing-counting method. 
The principle of this method is illustrated in Fig. 
16, wherein panel (A) shows a wave plotted from 
the original data recorded for type (a) during a 
vibration-only test and panel (B) illustrates that 
a positive or negative acceleration peak appears 
every time the wave passes through the zero-
acceleration line so that the peak values can be 
calculated as the vibration load. 
As an example, we calculate below the part 
of                         of the wave in Fig. 16. The fol-
lowing Table 1 summarizes the peak values from 
Fig. 16(B). We use α = 4, which is widely done for 
electronic equipment in practice.
= Dr
n ...... (3)x
β
Sa
= Dr
ni ...... (5)Ni
Σ
= Dr
n ...... (4)x
β
Ga
= Drni ...... (6)Gi
αΣi
c
=1
x
β
1
Fig. 16: Example of data processed by zero-
crossing counting method: (A) original wave, (B) 
accelartion peaks 
ni Gi
αΣi
c
=1
x
ni Gi
αΣi
c
=1
x
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Because β is a constant, βDr is directly pro-
portional to the degree of damage Dr, which also 
means that the result is directly proportional to the 
vibration fatigue. Thus, by repeating the same cal-
culation, we can compare the vibration fatigue for 
packaging types (a) - (c) for both vibration-only and 
drop-plus-vibration tests.
Vibration-only tests 
As mentioned in Section 3.1, the vibration-only 
test was for packages with relatively low probabil-
ity of being dropped, so the cumulative vibration 
damage of the vibration-only group is considered 
first. As shown in Fig. 17, type (a) is the worst, so is 
not selected for use. Type (c) is the best and accounts 
for 52% of the vibration fatigue of type (a). Types 
(b) and (c) are relatively similar, although the peak 
acceleration of type (c) in the free-fall drop test is 
less, which makes it seems like the proper design 
parameter. However, unlike expanded plastic cush-
ioning material, which benefits from a shape-restor-
ing force, type (c) cannot withstand a second shock 
and cannot withstand a drop over 60 cm. Therefore, 
to ensure a safe cushioning margin, type (b) is the 
most suitable choice. 
Drop-plus-vibration tests 
The drop-plus-vibration test is applicable to 
packages such as single containers, smaller boxes, 
and any shipping containers with a high probabil-
ity of being dropped or thrown. In Fig. 17, accord-
ing to the results of the drop-plus-vibration tests, 
the best packaging is type (a): its degree of damage 
is approximately 31% of the worst [type (b)]. Pack-
aging (c) loses its basic function of supporting the 
dummy product after the vibration test [Fig. 15(B)]; 
therefore, the risk of using this packaging is signifi-
cantly high. Therefore, type (a) is the most suitable 
because it has the lowest cumulative damage and 
still has safety margin to withstand a second drop.
In this study, the drop test is executed only 
once; however, in practical cases repetitive shock is 
an important issue that must be discussed. There-
fore, a future research topic for paper cushioning 
material is to study product damage due to repeti-
tive shock2 and to consider vibration damage after 
repetitive shock. The package-testing standard 
ASTM D4169-0911 expresses similar considerations 
and describes seven “performance test schedule 
sequences” for fifteen distribution cycles; for 
some distribution cycles, it recommends applying 
multiple shock tests or vibration tests.
i ni Gi
1
2
3
4
5
6
7
8
1
1
1
2
1
4
11
10
9
2
1
1
3
3
1
1
1
1
12
13
14
15
-0.8
-0.7
-0.6
-0.5
-0.4
-0.2
0
0.2
0.3
0.4
0.9
1.4
1.7
2.9
2
Table 1: The peak acceleration values shown in 
Fig.16  (B).
ni Gi
αΣ xβx Dr =
Σ x     = 4 (-0.8)
4
     = 103
+ (-0.7)4 + 2 x (-0.6)4 + (-0.5)4
+ (-0.4)4 3... x (-0.9)4 +(1.4)4+(1.7)4
i =1
c
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CONCLUSION
Cushioned packaging based on structural corru-
gated board assumes various complicated shapes due 
to the variety of products that it protects. Therefore, 
designing cushioned packaging based on thickness 
and stress, as is done for plastic expanded cushioning 
material, remains a challenge. In this study, we develop 
and verify a method that uses peak acceleration versus 
static load per unit perimeter as an effective and prac-
tical design parameter for paper cushioning material.
Considering the various types of packages 
(size, shape, weight, etc.) and the associated trans-
portation modes, we divide vibration tests into two 
types of tests: (i) vibration-only and (ii) drop-plus-
vibration. The cumulative vibration damage due to 
each test and for the various packaging types varies 
greatly, so the design parameter varies as well. By 
using this method, packaging engineers can deter-
mine the most suitable design parameter for the 
given packaging type and distribution.
In this study, to analyze the cumulative 
vibration damage, each package (with its dif-
ferent design parameters) is subjected to vibra-
tion. However, in a real design situation, relying 
on experimental results when analyzing various 
design parameters is not realistic. Thus, pack-
aging design for paper cushioning material may 
require a simulation of vibration to analyze 
response of the product to vibration in light of 
the effect of repetitive drops and other shocks.
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